Abstract-The intra-uterine development of the fetus depends on various factors, one such critical factor is umbilical blood flow because the quantity of oxygen delivered to the placenta and to the fetus is directly limited by umbilical blood flow rate. Since the measurement of the hemodynamic quantities such as blood pressure and blood flow rate is not possible in utero hence the use of patient-specific mathematical modeling is beneficial for the assessment of feto-maternal wellbeing. A Markov model based mathematical model of fetal circulation is developed by taking three node concept. The fetus, the umbilical cord, and the placenta represent the 3 nodes of Markov model. A LabVIEWbased virtual instrument is designed to simulate the mathematical model which results in waveform similar to Doppler blood flow velocimetry of umbilical artery. The model is simulated at various degree of conductivity of the umbilical cord to the oxygenated blood. Simulation results show that the umbilical artery blood flow velocity waveform depends on gestation age, fetal heart rate, uterine contraction and placental insufficiency. The Doppler indices calculated from simulation helps in predicting both fetal and maternal abnormalities at various degrees of the conductivity to the blood flow passage. Therefore, integrating patient-specific models along with established medical equipments will be helpful in identifying true intra-uterine growth restricted fetuses from normal fetuses and helps clinicians to take timely interventions.
I. INTRODUCTION
Fetus is a developing and unborn baby inside a pregnant uterus of more than eight weeks after conception. Development and growth of fetus inside the uterus solely depend on the utero-placental and fetoplacental circulation. Doppler ultrasonography is a commonly used technique to monitor these circulations for antepartum and intrapartum fetal assessments [1] . Doppler assessment of umbilical artery is normally done in the third trimester of pregnancy [2] , as it has been shown to reduce perinatal mortality and morbidity rate in high-risk obstetric situations [3] . Placental Blood Flow (PBF) and Umbilical Blood Flow (UBF) are some of the critical factors that determine the fetal well-being. Doppler ultrasound was initially used in 1977 for the study of fetal umbilical artery blood flow velocity waveforms.
Modern advancement in Doppler ultrasonography has facilitated the usage of highresolution ultrasound imaging, equipped with a coaxial pulsed wave for monitoring of the fetal circulation and the investigation of blood velocity waveforms both in normal and pathological circumstances [4] [5] [6] . Presently umbilical artery blood flow velocity waveform analysis is used for the evaluation of feto-placental blood flow. Doppler indices calculated from these blood flow velocity waveforms provide clinically valuable evidence and helps in the administration of high-risk pregnancies [7] . Flow Velocity Waveform (FVW) are used to derive Doppler indices using systolic (S), diastolic (D), and mean blood flow velocities (V m ). Doppler indices like systolic-to-diastolic ratio (S/D), the resistive index (S-D)/S, and the pulsatility index (S-D)/V m as shown in Fig. 1 provides valuable information about the effect of peripheral resistance to the fetal circulation [8] [9] [10] , which in turn helps to determine fetal outlook in high-risk pregnancies with suspected growth restricted fetus [11, 12] . The action of the heart produces pulsatile flow in the umbilical artery. The opening of the semilunar valves and the forward ejection of blood increases the forward velocities from the diastolic and reaches the Peak Systolic Velocity (PSV) after a certain period of time. This time interval is called the acceleration time. This forward blood flow velocity then starts to decelerate when the cardiac contraction delivers inadequate accelerative force to overcome elastic properties of the blood vessels and the viscosity of the blood and reaches the slowest forward End Diastolic Velocity (EDV). The Doppler-derived umbilical artery blood flow velocity waveform represents this by temporal changes in the velocity of blood cells during the cardiac cycle that is shown in Fig. 2(A) . Changes in downstream vascular resistance affect the association between the PSV and EDV that can be qualitatively calculated from Doppler indices. The PSV and EDV vary in umbilical artery predominantly due to difference in downstream vascular resistance and input pressure in various fetal conditions as discussed below: - Normally umbilical vein blood flow velocity waveform is steady as shown in Fig. 1 . This blood flow is determined by the function of the fetal heart. Pulsatile waveform appears in the umbilical vein in starting of the first trimester of pregnancy but it completely disappears after 13 gestational weeks. Pulse in the umbilical vein is also associated with pathological conditions and is the most commonly used sign for measuring cardiac performance in umbilical vein [26, 27] .
Measurement of hemodynamic parameters like blood pressure and blood flow are very difficult to obtain in utero because the arteries are subjected to pulsatile flow that continuously changes their diameter. Hence, the use of a mathematical model is very helpful in the assessment of fetal well-being. Computational studies based on mathematical models of fetal cardiovascular blood flow redistribution [28, 29] are already present. Some are based on fetal lamb circulation [30] . Some addresses fetoplacental circulation [31, 32] while some addresses arterial system [33, 34] . Some are based on lumped parameter model analogous to electrical circuits [35] [36] [37] . And some are based on the hemodynamic model [38, 39] .
For overall development of the fetus confined within uterus, proper exchange of nutrients, gases and waste materials is extremely necessary. This exchange takes place via an umbilical cord which consists of one umbilical vein and two umbilical arteries. But due to certain pregnancy related complications this exchange is hindered which leads to IUGR fetuses. Abnormalities likes shortening or elongation of cord, improper connection to the placenta, creation of knot or compression can lead to problems during pregnancy or during labor and delivery. These abnormalities can be discovered by direct examination of the cord using ultrasound blood flow velocimetry technique. Fetoplacental circulation is a type of stochastic (random) process in which the probability of transfer of oxygenated blood from placenta to fetus and again probability of transfer of deoxygenated blood from fetus to placenta lies within the range of 0 to 1. This type of process can easily be studied using a Markov model concept. Markov-based mathematical simulation of umbilical blood flow pattern can be employed in detecting IUGR fetuses and overall feto-maternal well-being. For simulation of our mathematical model we have used a licensed version of LabVIEW software which is a type of graphical programming language for embedded system designing, data acquisition, test automation, instrument control like machines [40] , signal analysis and processing, biomedical systems etc. Although, software like MALTAB can also be used for simulation of the model, but the goal of our research was to develop a graphically intuitive and user interactive virtual instrument that can be used in conjugation with a standalone bedside feto-maternal monitoring system for determining the overall well-being of mother and her baby.
In this work we propose a Markov based mathematical model of fetal circulation by taking 3 nodes approach. The fetus, the umbilical cord, and the placenta represent the 3 nodes of the Markov model. The mathematical model was simulated in LabVIEW Software at various degrees of conductivity gain of blood vessels in fetal environment. The model was validated by comparing Doppler indices obtained from simulated velocity waveforms with those obtained from of the experimental physiological Doppler assessments.
II. MATERIALS AND METHODS

A. Markov Model
A Markov process is a type of stochastic process (random process) in which the outcome of upcoming states only depends on the current state and not on the path through which it arrived in the current state All state transitions are probabilistic in a stochastic process. At each stage, the system may modify its state from the current state to an alternative state (or remain in the same state) according to a probability distribution. The changes from one state to another are called transitions, and the probabilities linked with the state-changes are called transition probabilities. We must first define all the mutually exclusive states of the Markov process in order to formulate a Markov model of the system. The state of the system at t=0 in any node is called the initial state (P 0 ) of that node, and those representing a final or equilibrium state are finishing or final state (P 1 ) of that node. The set of Markov state equations defines the probability of transition from the initial states to the final states.
The probabilities of transitions must obey the following two important rules: -1. The probability of transition in time Δt from one state to another is given by the product of gain of the path and Δt. Markov models are suitable when the timing of events is important when a decision problem contains risk that is continuous over time, and when vital events may occur more than once. In Markov models, a patient is always assumed in one of a finite number of distinct health states, called Markov states. All events are modeled as transitions from one state to another state. Overall prediction of the system depends on the length of time spent in each Markov states. During each cycle, the system may make a transition from one state to another state.
B. Proposed Model
We have considered Fetus as node I, Umbilical cord as node II and Placenta as node III of the Markov Model shown in Fig. 3 , which is equivalent to the fetal blood circulation system shown in Fig. 4 . In Fig. 3 , P 1 (t), P 2 (t), P 3 (t) represents the velocity of blood at node I, II and III at time "t" respectively. We have considered the middle point of the umbilical artery as node II so that the umbilical artery is divided into two parts, one from the fetus (node I) to node II and other from node II to the placenta (node III). This assumption will be beneficial in the analysis of different cases of fetal compromise due to blockage in the umbilical cord. There are two umbilical arteries, but in our work we have considered two umbilical arteries as one for ease of computation. u a1 represent the conductivity gain of the umbilical artery from node I to node II and u a2 represent the conductivity gain of the umbilical artery from node II to node III. u v represent the conductivity gain of umbilical vein back from node III to node I.
After ∆t time the blood flow velocity at node I, node II and node III are given by Markov state equations (1), (2), and (3) which is calculated from the state transition matrix shown in Fig. 5 . 
Equation (1) can also be written as below: -
Similarly, for (2) and (3): -
Taking Laplace Transform of (5), (6) , and (7), we get: -
Writing (8), (9), and (10) in Matrix form and taking initial condition as P 1 (0) =1, and P 2 (0) =P 3 Solving for P 1 (s), P 2 (s) and P 3 (s) and taking Inverse Laplace Transform, we get: (14) Equation (12), (13) and (14) 
Let"s consider some initial value of blood flow velocity at time t=0, then P 1 (0), P 2 (0), P 3 (0) represents initial blood flow velocity at Node I, II and III respectively. Putting these values in (12), (13) , and (14) we get (15) which represents time domain characteristic of the blood flow at node II i.e. umbilical artery. Equation (15) shows that umbilical artery blood flow velocity P 2 (t) directly depends on initial blood flow rates at nodes and the conductivity gain of the path (i.e. umbilical artery and umbilical vein) which is also physiologically true. The conductivity gain of the path varies with the advancing gestational age therefore, variables u a1 , u a2 and u v are the controlling factor for gestation age. 
III. SIMULATION AND RESULTS
A LabVIEW-based virtual instrument (VI) is designed which produces a simulated umbilical artery blood flow velocity waveform by adjusting the conductivity gains of umbilical artery (u a1 and u a2 ) and umbilical vein (u v ).
The VI also shows the characteristics of the blood flow velocity at node I, II, and III. The blood flow velocity waveform of umbilical artery P 2 (t) for a normal pregnancy is plotted for 4 cardiac cycles and Doppler indices like S/D ratio, RI, and PI values are calculated as shown in Fig. 6 . The pattern of the simulated blood flows velocity waveform of umbilical artery shown in Fig. 7(B) is highly correlated with the waveform obtained from the Doppler assessment of umbilical artery shown in Fig.  7(A) . placental insufficiency. In the same way, these parameters also affect the simulated waveform of the VI. This correlation is tested below: -
A. Effect of Gestational age on simulation
Several studies show that there is a significant increase in umbilical arterial flow (u a1 and u a2 ) from 112.66 ± 58.32 ml/min at 23 weeks to 256.46 ± 58.9 ml/min at 33 weeks (r = 0.66, p < 0.001) and umbilical vein flow (u v ) from 95.04 ± 64.8 ml/ min at 23 weeks to 303.28 ± 63.8 ml/min at 33 weeks (r = 0.76, p < 0.001) [42] . At term, maternal blood flow to the placenta is approximately 600-700 ml/min [43] . By implementing these ranges in our simulation we set u a1 =0.3, u a2 =0.25 and u v =0.2 at 24 weeks and u a1 =0.7, u a2 =0.625 and u v =0.8 at 36 weeks. The values of u a1 , u a2 and u v are normalized in the range of 0 to 1. When the VI was simulated for normal pregnancy at advancing gestation by increasing conductivity gains. Fig. 8 (B) and 8(C) shows how the EDV increases as the gestation age increases from 24 weeks to 36 weeks respectively. There is a decline in values of descending slope and ascending slope with advancing gestation that indicates a decrease in placental vascular resistance with a decrease in pulsatility. The values of Doppler indices also decrease. FHR is assumed to be within the normal physiological range of 120-160 beats/min with advancing gestation. 
B. Effect of FHR on simulation
Uterine contraction has an indirect effect on umbilical artery blood flow velocity. It causes a change in resistance of umbilical artery that often radically alters the umbilical artery blood flow velocity before the FHR decelerates. The heart rate effect again adds to the change in umbilical artery blood flow velocity. Uterine contraction can lead to Reduced End Diastolic Velocity, Absent End Diastolic Velocity (AEDV) or Reverse End Diastolic Velocity (REDV) of the umbilical artery. The tachycardia (increased FHR) increases the EDV and decreases the values of Doppler indices, on the other hand, bradycardia (decreased FHR) decreases the EDV and increases the values of Doppler indices. The effect of change in FHR (both Bradycardia and Tachycardia) on simulation is shown in Fig. 9 for normal pregnancy. 
C. Effect of Placental insufficiency on simulation
Placental insufficiency is a condition when there is an insufficient blood flow to the placenta during pregnancy. It leads to progressive deterioration in placental function, resulting in chronic fetal hypoxemia and IUGR fetuses. AEDV or REDV conditions are related to extremely elevated placental vascular resistance which only occurs until 60-70% of the villous vasculature is damaged. This condition is simulated by changing the initial blood flow rates P 1 (0), P 2 (0) and P 3 (0) as shown in The accuracy of our model was compared with some of the previous studies done on the measurement of Doppler indices from an umbilical artery in the case of normal and high-risk pregnancies. Our model was found to be 98.5%, 97.1% and 96.5% correlated with S/D, RI and PI ratios respectively of G. Acharya et al. [44] . Also, our model was found to be 99.8%, 99.8% and 91.4% correlated with S/D, RI and PI ratios respectively of P. Fogarty et al. [45] . And our model was found to be 89.4%, 83.3% and 83.8% correlated with S/D, RI and PI ratios respectively of Chanprapaph et al. [25] this is shown in Table 2 . These results signify that the simulated waveform is highly correlated with the Doppler assessment of the umbilical artery. The Doppler indices calculated from the simulation are also highly correlated to the reference range of Doppler indices for both normal and high-risk pregnancies. In future simulated blood flow velocity waveform can be useful to assist in developing a sensor for the evaluation of conductivity of the umbilical cord and placenta during pregnancy. The virtual instrument based approach can give clinically useful information about the fetal well-being. It can also help in predicting both fetal and maternal abnormalities at various degrees of the conductivity of the blood flow passage. The decision regarding the time of delivery in IUGR fetuses can be estimated based on the analysis of simulated waveforms combined with functional testing such as biophysical profile and fetal heart rate. Therefore, patientspecific modeling is highly beneficial in personalizing and optimizing the treatment option in pregnancies complicated by IUGR.
V. APPLICATION AND FUTURE SCOPE
Markov based patient-specific virtual instrument can be used simultaneously along with Doppler velocimetry test to assist clinicians in diagnosing the well-being of the fetus in real time. The virtual instrument can further be modified to display various pathological conditions associated with mother and fetus in high-risk pregnancies by measuring Doppler indices from the simulated waveform.
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